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EFFECTS OF CATHODAL TRANSCRANIAL DIRECT CURRENT 
STIMULATION ON CORTICAL SPREADING DEPRESSION 
FRANCIS C. ZAMORA 
ABSTRACT 
The purpose of this study was to examine the effects of cathodal transcranial 
direct current stimulation (tDCS) on cortical spreading depression (CSD) in the rat 
cerebral cortex. CSD is a propagating wave of hyperexcitability that occurs in a number 
of neurological disorders characterized by excess cerebral excitability such as migraine, 
acute brain injury, or stroke.  Since tDCS is a non-invasive method capable of inducing 
polarity-dependent changes in cortical excitability, we hypothesized that cathodal 
stimulation would prevent, attenuate, or change the characteristics of CSD.  
Forty Sprague-Dawley male rats were randomly divided into two stimulation 
condition groups: sham tDCS and cathodal tDCS. In both experimental groups, CSD was 
induced by applying potassium chloride onto cortical surface.  Electroencephalogram 
(EEG) data was recorded during each experiment and subjected to analysis. CSD 
incidence was compared between the sham and cathodal tDCS group. We observed that 
significantly fewer CSD events were exhibited during cathodal tDCS relative to sham 
stimulation. Evaluation of CSD wave characteristics between experimental groups 
revealed no differences in propagation velocity, amplitude, or waveform of CSD, nor in 
the presence of neuronal silencing. 
The results of this study lend support for the use of cathodal tDCS as an effective 
method for reducing cortical excitability and provides the groundwork for future study of 
  vii
the mechanisms of tDCS and its treatment targets in neurological disorders whose 
symptoms are created or exacerbated by CSD.  
. 
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INTRODUCTION 
 
Cortical Spreading Depression 
Cortical spreading depression (CSD) was first characterized in the rabbit cerebral 
cortex by Brazilian scientist Aristides Leao in 1944 as a slow-propagating wave of 
depolarization followed by a period of neuronal silencing or ‘depression’ (Leao, 1944).  
Once initiated, this wave of hyperexcitability travels very slowly (3-5mm/min) and 
occurs in an ‘all-or-nothing’ manner within the gray matter without penetrating the 
underlying cerebral white matter. CSD is accompanied by a large ionic exchange 
between extra- and intracellular compartments (Kraig & Nicholson, 1978) that induces 
significant changes in the membrane potential of neurons and glia (Leao, 1951; Collewjin 
et al., 1966).  
Cortical spreading depression is of substantive clinical relevance.  It has been 
shown to underlie neurological disorders such as migraine with aura, and to exacerbate 
neuronal death in traumatic brain injury, and stroke (Lauritzen et al., 2001; Hartings et 
al., 2009; Dohmen et al., 2008). As a result, controlling or mitigating the effect of cortical 
spreading depression has the potential to reduce or control symptoms in a variety of 
neurological disorders. A large amount of research has been dedicated to identifying 
means by which CSD is suppressed.  Most of these interventions have been 
pharmacological in origin, and if effective, typically occur with substantial side effects.  
In recent years, non-invasive brain stimulation (NIBS) has become used to examine and 
treat many neurological conditions, and there is burgeoning evidence to suggest that 
NIBS could be an effective means by which CSD could be controlled. A specific method 
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called transcranial direct current stimulation (tDCS) has been shown to be highly 
effective in altering neuronal activity, does so at low cost and with no side effects 
(Nitsche & Paulus, 2000). 
The objective of this study is to investigate, in a controlled animal model, the 
potential for tDCS to control the incidence of CSD. 
Extracellular and Intracellular Characteristics of CSD 
CSD produces large shifts of the neuronal membrane potential. Initial studies used 
DC-coupled amplification in cat, rat, and rabbit cortex to show that neurons affected by 
CSD were depolarized to -5 to -15 mV (Leao, 1951).  Extracellular recordings in the CA1 
hippocampal region in rats showed that the CSD wave had an 'inverted saddle shape', 
with an initial rapidly shifting negative-going wave followed by a more prolonged and 
slower negative shift (Herreras & Somjen, 1993). Current source density analysis in the 
rat hippocampal formation revealed that during the CSD-negative potential shift, there 
was a prominent inward current along pyramidal neuronal dendrites, where the cell body 
acts as the current source (Wadman et al., 1992).  
This inward current effectively reduces neuronal transmembrane resistance and is 
reflected by a drastic redistribution of ionic concentrations between the intracellular and 
extracellular compartments (Czeh et al., 1993). The most notable ionic flux is the 
significant increase in extracellular potassium that is accompanied by a decrease in 
extracellular sodium, chloride, and calcium concentrations (Brinley et al., 1959; Hansen 
and Zeuthen, 1981; Kraig and Nicholson, 1978). The influx of sodium and chloride 
causes water to move intracellularly, which results in neuronal cell swelling and a 
 3 
decrease in extracellular fluid volume. This is turn serves to concentrate extracellular 
potassium more, and produce more depolarization (Zhou et al., 2010; Kraig and 
Nicholson, 1978). Cell swelling may also be compounded by metabolic failure in 
astrocytes during CSD (Broberg et al., 2008).  
Lastly, changes in zinc dynamics are shown to occur during CSD.  CSD induces 
increases intracellular zinc concentration, which can have negative consequences on 
cellular metabolism and suppress synaptic transmission after spreading depression 
(Carter et al., 2013). In hippocampal brain slices, chelation of zinc with TPEN blocked 
the occurrence of CSD, suggesting that zinc may contribute to the initiation of spreading 
depression (Dietz et al., 2008). In another study, recovery of synaptic potentials after 
CSD was improved by zinc chelation (Medvedeva et al., 2009). Finally, Carter and 
colleagues (2011) proposed that synaptic release of zinc into the extracellular space 
during CSD may facilitate neurodegeneration following an ischemic episode.  
Neurotransmitters in CSD 
CSD-induced ion fluxes and their associated alterations in neuronal membrane 
properties produce changes in neurotransmitter levels.  Most notable is the elevation in 
extracellular glutamate concentration (Basarsky et al., 1999; Van Harreveld, 1970) that 
has been observed using microdialysis to measure amino acid activity during CSD 
(Fabricius et al., 1993) and with the use of glutamate fluorescent indicator iGLuSnFr 
(Enger et al., 2015). This CSD-induced increase in glutamate is considered crucial for 
CSD onset and propagation, as shown in work where blocking of glutamatergic activity 
results in delay of CSD initiation (Kager et al., 2002).  The increase of extracellular 
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glutamate during CSD is associated with increased activation of the N-methyl-D-
Aspartate (NMDA) glutamate receptor, which is thought to be critical for propagation of 
the CSD wave (Fabricius et al., 1993). Other glutamate receptors, such as the AMPA type 
of glutamate receptor, do not express the same level of activity during CSD-induced 
glutamate release (Nellgard, 1992). The importance of glutamate and the subsequent 
NMDA receptor activity for initiation of CSD is supported by work demonstrating that 
NMDA receptor antagonists, such as MK-801 and ketamine, can reduce the velocity of 
wave propagation, increase CSD initiation threshold, or even completely block a 
spreading depression (Marrannes et al., 1988; Hernandez-Caceras et al., 1987, Gorelova 
et al., 1987). Similarly, CSD is inhibited by L-701,324, which blocks the glycine site on 
NMDA receptors (Obrenovitch & Zilkha, 1996).  In contrast, NMDA receptor agonists, 
quisqualate and kainite, elicit CSD in the turtle cerebellum (Lauritzen et al., 1988).  
The neurotransmitter GABA has also been associated with CSD. It has been 
shown that repetitive spreading depressions result in suppression of GABAergic 
inhibition, thus disinhibiting excitatory neuronal pools and producing neuronal 
hyperexcitability (Kruger et al., 1996). This increase in excitability is likely to feed 
forward and facilitate the depolarization that serves as the primary imitator of the CSD. 
Increased Metabolic Load during CSD 
Cortical spreading depression increases cerebral metabolism, the consequence of 
which is problematic in the pathological brain. After CSD, restoration of ionic 
homeostasis occurs through energy-dependent mechanisms that increase the cerebral 
metabolic load. As the CSD negative DC potential shift approaches its peak maximum, 
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ATP levels undergo a commensurate decrease (Mies et al., 1984; Gault et al., 1994). 
Decreased ATP levels coincide with increased ADP and AMP levels, which are 
byproducts of ATP breakdown (Lauritzen et al., 1990).  CSD-induced ATP hydrolysis 
and increased metabolic status have been confirmed by work showing elevated adenosine 
levels during CSD (Lindquist & Shuttleworth, 2014).   The increased ATP utilization 
during CSD is due in part to higher levels of activation of Na+/K+ ATPase, which restores 
ionic gradients across cell membranes and becomes more active with the increased 
concentration of intracellular sodium and extracellular potassium that occurs during the 
initial phase of CSD (Mies et al., 1984; Clausen et al., 2013).  
Along with the increase in ATP usage, CSD also alters cerebral glucose levels.  In 
rats, local cerebral glucose utilization increases in regions of the cerebral cortex affected 
during CSD (Shinohara et al., 1979; Csiba et al., 1985). Surprisingly, the opposite effect 
is seen in subcortical structures (Shinohara et al., 1979). Following the passage of a 
single CSD event, recovery of brain glucose levels is correlated with a proportional 
increase of glucose transfer across the blood brain barrier (Gjedde et al., 1981). 
Additionally, glycogen levels in brain tissue are reduced up to 50% during a CSD event 
(Lauritzen et al., 1990). This reduction is due to increased glycogen breakdown, which 
results from an increase in cAMP levels that in turn stimulates glycogen phosphorylase 
activity, all of which occur with the CSD wave (Krivanek, 1977). 
 Lactate production levels, which are an indicator of oxidative-glycolytic 
metabolism, are also significantly elevated, as demonstrated by the increased efflux of 
lactate into blood circulation during KCl-induced CSD in the cat cerebral cortex (Cruz et 
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al., 1999). This increase in lactate, along with an increase in carbon dioxide, results in an 
increase in acidity (Cruz et al., 1999).  However, prior to this change there is a brief 
initial period of alkalinization, which is likely due to a transient increase in ammonia 
production (Kraig et al., 1987).  
Hemodynamic Response during CSD 
In addition to significant metabolic changes, CSD elicits a specific hemodynamic 
response in the brain. Electrophysiological, laser Doppler Flowmetry, and laser speckle 
contrast (LSC) imaging methods in rat and mouse cortex have shown that CSD increases 
regional cerebral blood flow (rCBF), a phenomenon called hyperemia. This hyperemia 
coincides with the depolarization of the CSD wave and peaks 1-2 minutes after the wave 
onset (Ayata et al., 2004; Obrenovitch et al., 2009). The CSD-induced hyperemic 
response has been observed in cats and rabbits, although the magnitude of hyperemia 
appears to be variable between species (Piper et al., 1991; Colonna et al., 1994). This 
increase is blood flow is due to vasodilation of pial arteries, where the dilation response 
tends to be more prominent in the smaller pial arterioles than in larger arterioles (Ayata et 
al., 2004; Brennan et al., 2007; Shibata et al., 1990). 
Magnetic resonance imaging (MRI) has further confirmed that this increase in 
cerebral blood volume (CBV) propagates over the cortex during potassium-induced CSD 
(De Crespigny et al., 1998). Evidence of similar hyperemic responses has been 
demonstrated in humans during stroke, brain trauma, and migraine aura (Woitzik et al., 
2013; Hinzman et al., 2014; Hadjikhani et al., 2001). CSD-induced peak hyperemia lasts 
a few minutes and is then followed by a prolonged decrease in rCBF, called oligemia, 
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which then persists for up to 2 hours (Ayata et al., 2004; Duckrow, 1991; De Crespigny 
et al., 1998; Lauritzen et al., 1994). This hypoperfusion is a result of persisting pial 
arteriolar constriction which reduces rCBF 10-40% below baseline for at least an hour 
after CSD (Shibata et al., 1992; Wahl et al., 1987; Lauritzen, 1994).   
The initial CSD-induced vasodilation has been partially inhibited by application 
of NO-synthase inhibitor, suggesting that nitric oxide (NO) may facilitate arteriolar 
dilation (Colonna et al., 1994b). Colonna and colleagues (1994) further proposed that 
CSD-induced activation of NMDA receptors, which causes NO release from cortical 
cells, may be responsible for the increased NO production. Similar inhibition of NO and 
corresponding vasodilation was also observed in cats, although in this species the 
hyperemic response was completely suppressed (Goadsby et al., 1992). Calcitonin gene-
related protein (CGRP), which is released during CSD, is also suggested to facilitate 
CSD-induced hyperemia by stimulating arteriolar dilation (Colonna et al., 1994b; Wahl et 
al., 1994). On the other hand, vasoconstrictive substances such as prostanoids (Shibata et 
al., 1991) and higher concentrations of potassium (Horiuchi et al., 2002) may contribute 
to the post-CSD oligemic response. Additionally, increased levels of the astrocytic-
derived arachidonic acid metabolite 20-HETE during spreading depression may also 
correlate with the post-CSD hypoperfusion response (Fordsmann et al., 2013).   
Propagation of CSD Wave 
Although the ionic distributions, metabolic changes, and hemodynamic response 
associated with CSD have been well studied, the mechanisms that enable wave 
propagation are incompletely understood. The excess accumulation of K+ in the 
 8 
interstitial space, subsequent release of glutamate, and concurrent NMDA receptor 
activation induce neuronal depolarization and initiate the wave, but may also be involved 
in the continuation of the CSD wave (Grafstein, 1956; Van Harreveld & Fifkova, 1970; 
Marrannes et al., 1988). The possibility that astrocytes may be involved in spreading 
depression mechanisms has also been explored. It has been demonstrated that astrocytes 
may influence neuronal activity through intercellular connections (Nedergaard, 1994). As 
a result, neuronal activity of the type induced by the initial phase of the CSD can cause 
calcium waves in interconnected populations of astrocytes.  These calcium waves have 
similar characteristics to those of CSD waves, and their propagation is facilitated by gap-
junctions (Basarsky et al., 1998; Peters et al., 2003; Kuga et al., 2011). In some systems, 
the application of gap-junction blockers suppressed the propagation of CSD, but had no 
effect on the glutamate-channel calcium influx, supporting the notion that intercellular 
communication via gap-junctions is essential for CSD propagation (Nedergaard et al., 
1995).  However, because of the complex physiological nature of CSD it most certainly 
could be a combination of mechanisms that contribute to CSD propagation, which merits 
the need for further study.  
Induction Methods of CSD 
Knowledge of the different methods of CSD induction can provide guidance for 
the targets of interventional techniques attempting to attenuate or completely suppress a 
CSD event. Experimentally, CSD is induced by a variety of electrical, mechanical, and 
chemical stimuli that seem to target both neurons and supporting structures of the central 
nervous system. The first CSD occurrence was recorded following the application of 
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transient faradic stimulation to the rabbit cortex (Leao, 1944) and similar electrical 
stimulation-induced CSD have been recorded in mice with mutant P/Q type Ca2+ 
channels (Ayata et al., 1999).  Mechanical methods, such as the insertion of steel needles 
into the cortex (Akerman et al., 2008) or using a ‘pin-prick’ technique to transiently 
immerse a glass micropipette into the visual cortex (Zhang et al., 2010), have also been 
shown to induce cortical spreading depression. Chemical agents are the most commonly 
used to trigger spreading depressions, the most popular of which is the application of 
potassium chloride (KCl) onto the cortical surface. The use of this technique is based on 
the associated transmembrane K+ movement that occurs during CSD, making it a reliable 
method to initiate a CSD wave across different experimental models (Zhang et al., 2010; 
Ayata et al., 2006., Ayata et al., 1999; Back et al., 1994; Saito et al., 1995; Kager et al., 
2002). For example, in the CA1 hippocampal region, a single application of high KCl 
concentrated solution can trigger multiple CSD waves in the rat cortex (Kraig and 
Nicholson, 1978).  
Ouabain, a Na+/K+ ATPase pump antagonist, has also been used in hippocampal 
slices to trigger cortical spreading depressions by inhibiting ATP-dependent cellular 
mechanisms responsible for maintaining the concentrations of intra and extracellular ions 
(Balestrino et al., 1999). The vasoconstrictor endothelin (ET)-1 has also been shown to 
potently trigger CSD in vivo, but not in rat brain slices, suggesting that ET-1 may require 
intact brain perfusion for action (Dreier et al., 2002; Petzold et al., 2003). The findings 
from these studies propose that endothelin-1 may induce CSD through downregulation of 
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Na+/K+ ATPase and modulation of NMDA receptor activity, in addition to ET-1’s 
vasoconstrictive properties.  
There is also evidence that lowering the levels of extracellular magnesium 
increases neuronal excitability and evokes repeated spreading depressions in the CA3 
hippocampal region, possibly by removal of the Mg2+ block from NMDA receptors that 
regulates their activity (Mody et al., 1987).  Although a variety of methods have been 
successfully used to evoke CSD activity, research suggests that different induction 
methods may work through different mechanisms, including work in vivo and in vitro, 
thus leading to a variation in neural responses among different experimental models 
(Akerman et al., 2008).   
Methods of Blocking or Attenuating CSD 
Cortical spreading depression has been associated with various neurological 
conditions and thus methods of inhibiting or reducing the magnitude and effects of CSD 
on neural tissue have become a research focus. As previously described, studies have 
demonstrated suppression of CSD through administration of ketamine and MK-801, both 
NMDA receptor antagonists (Marrannes et al., 1988; Hernandez-Caceres et al., 1987).  
CSD inhibition has also been observed through pharmacological methods that target the 
glycine binding site of NMDA receptors. Obrenovitch and colleagues (1996) 
demonstrated the ability of L-701, 324, a NMDAR-glycine site antagonist to inhibit both 
initiation and propagation of CSD. In a more recent study, GLYX-13, a NMDAR-glycine 
site partial agonist, showed similar effects on CSD and even improved dendritic spine 
structural recovery (Zhang et al., 2015).  
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In rats and cats, CSD and the expected rCBF changes were suppressed by 
administration of anti-epileptic and migraine-prophylactic drug topiramate, which 
modulates voltage-gated sodium ion channels and blocks glutamate transmission 
(Akerman & Goadsby, 2005). Chronic administration of other migraine prophylactic 
drugs, such as valproate, propranolol, and amitriptyline, also decreased CSD frequency 
by up to 80% percent, where longer treatments resulted in more effective CSD 
suppression (Ayata et al., 2006). Lastly, vagus nerve stimulation (VNS) demonstrates 
potential in its ability to suppress CSD susceptibility proposedly through induction of 
norepinephrine release from the locus coeruleus and increasing serotonin in the dorsal 
raphe nuclei (Chen et al., 2016). Norepinephrine has been implicated in inhibiting CSD 
(Richter et al., 2005), while depletion of serotonin is proposed to facilitate spreading 
depression (le Grand et al., 2011). Chen and colleagues (2016) additionally suggest that 
VNS may inhibit pro-inflammatory cytokine and glutamate release, both of which are 
implicated during CSD.  
Brain Susceptibility to CSD 
In early research, there was some contention about the susceptibility of neural 
tissue to CSD, which was initially thought to only occur in a pathological or diseased 
cortex (Marshall, 1959). However, studies have demonstrated that CSDs can be recorded 
in healthy, well-nourished cortex and even in awake animals (Mayevsky & Chance, 
1974). Additionally, a hierarchy of vulnerability to CSD among cortical regions has been 
shown. Balestrino et al., 1989 demonstrated that the hippocampal CA1 region is 
specifically more prone to induction of a CSD in comparison to other neocortical regions. 
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In contrast, a spreading depression is harder to evoke in the cerebellum and olfactory 
bulb (Amemori et al., 1987; Nicholson, 1984). Additionally, subcortical regions can be 
affected by spreading depression event. In young rats, a depressive event was triggered in 
the caudate nucleus following KCl microinjections (De Luca, 1977). Spreading 
depressions have also been observed in brainstem regions, such as the trigeminal nucleus 
caudalis (TNC), thalamic nuclei, and in the retina (Moskowitz et al., 1993; Fifkova, 1964; 
Martins-Ferreira, 1983).  
Studies have also revealed a potential age component to the induction of cortical 
spreading depression. Newborn animal brains are not able generate a spreading 
depression, however the threshold for CSD ignition decreases with maturation possibly 
due to the reduction of interstitial space that occurs with aging (Lehmenkuhler et al., 
1993). Such decreases in interstitial space may reduce the rate at which neural tissue can 
adapt to changes in ionic concentrations across the membrane and increase the 
predilection for CSD initiation or propagation. 
 Although the vast majority of CSD research has been done using animal models, 
CSD has been shown to occur in normal and pathological human brains (Gorji et al., 
2001; Fabricius et al., 2006; Mayevsky et al., 1996).  In the healthy, well-nourished brain, 
a CSD episode is not usually associated with neuronal damage, possibly because the 
tissue can rapidly normalize ionic gradients and restore synaptic function (Nedergaard 
and Hansen, 1988).  However, the physiological changes and metabolic burden induced 
by CSD may exacerbate neuronal damage in compromised tissue. 
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CSD in Brain Disease 
CSD has been widely accepted to be the pathophysiological mechanism behind 
migraine aura and generator of headaches (Ayata et al., 2010). During a migraine attack, 
there is a spreading oligemia which progresses across the hemisphere at a rate of 2 mm 
per minute and corresponds with neurosensory symptoms (Lauritzen et al., 1983). PET 
and MRI studies have confirmed the presence of spreading oligemia during migraine with 
aura as it propagates at the same velocity as a CSD wave from the occipital cortex into 
more rostral cortical regions (Hadjikhani et al., 2001; Lauritzen et al., 1984). Patients 
with genetic forms of migraine, familial hemiplegic migraine, are thought to have 
increased hyperexcitability making them more susceptible to CSD (Vecchia and 
Pietrobon, 2012; Schoenen et al., 2003). In one study, mice models carrying the Cacna1a 
gene, which causes familial hemiplegic migraine type 1 (FHM-1), presented cortical 
hyperexcitability that resulted in increased susceptibility to CSD, with an increased CSD 
propagation velocity and decreased induction threshold (Van de Maagdenberg et al., 
2004). There is also evidence that CSD induces activation of meningeal nociceptors and 
central trigeminovascular neurons in the spinal trigeminal nucleus, which are part of the 
trigeminovascular pathway that is also associated with the generation of migraines 
(Zhang et al., 2010, 2011).  
Using electrocorticography (ECoG), repeating peri-infarct depolarizations (PIDs) 
have been recorded in brain-injured patients, occurring spontaneously in the periphery, or 
penumbra, of the infarct (Fabricius et al., 2006). PIDs have similar physiological and 
propagation characteristic to CSDs and occur with high incidence in episodes of focal 
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cerebral ischemia (Nedergaard et al., 1993). In rats, PIDs were evaluated through 
occlusion of the MCA which induced focal ischemia. This study observed that the 
number of peri-infarct DC shifts was positively correlated with the progression and 
volume of ischemic damage (Mies et al., 1993). Successive studies have supported the 
hypothesis that these CSD-like depolarizations can augment neural damage associated 
with ischemic injury (Mies, et al., 1993; Hossmann et al., 1996; Takano et al., 1996). 
Recurrent spontaneous SD-like depolarizations in the penumbra of focal ischemia can 
result in injury of dendrites and dendritic spines, if the depolarizations occur fast enough 
in sequence that does not allow enough time for metabolic and blood flow recovery 
(Risher et al., 2010).   
CSDs have been observed in other forms of brain pathology, such as traumatic 
brain injury (TBI), where they can last at least a week after trauma, and a depolarization 
event is correlated with higher intracranial pressure and periods of energy demand-supply 
mismatch (Hartings et al., 2009). Overall, fully understanding the physiological 
mechanism of CSD would enable clinical interventions to target the neurological 
symptoms in migraine sufferers or attenuate the severity of tissue damage in brain-trauma 
and cerebrovascular disease patients.  
Transcranial Direct Current Stimulation  
Transcranial direct current stimulation (tDCS) is an electrical stimulation method 
that applies weak direct currents to modulate membrane potential, thus altering cortical 
excitability. Anodal stimulation enhances neural excitability, while cathodal stimulation 
reduces excitability (Bindman et al., 1964). TDCS is non-invasive, painless, and produces 
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minimal side-effects, which makes it safe for both animals and humans (Nitsche et al., 
2008).   Based on the background information about the mechanisms of CSD, it is 
reasonable to infer that the neuromodulatory action of tDCS may have an impact on this 
pathological phenomenon. Although tDCS’s method of action is still being investigated, 
specific physiological targets and mechanisms of polarity-specific tDCS have been 
identified that also play a role in the generation and propagation of CSD. Moreover, 
tDCS has recently gained attention as a promising tool in neurological disorders, 
including migraine and stroke, which are closely associated with CSD. 
Physical Parameters of tDCS 
TDCS-induced changes in cortical excitability are dependent on a variety of 
parameters including: current polarity, current density, stimulation duration, and 
orientation and morphology of the stimulated neurons relative to the applied electric field 
(Nitsche et al., 2008; Kabakov et al., 2012; Bikson et al., 2004, 2006).  During the period 
of stimulation, both anodal and cathodal polarities are thought to act by modulating the 
membrane potential of intracortical neurons. Anodal stimulation is thought to increase 
cortical excitability by slightly depolarizing neurons while cathodal stimulation decreases 
excitability by hyperpolarizing affected neurons (Bindman et al., 1964; Nitsche and 
Paulus, 2000).  There is also a minimum stimulation duration and intensity needed to 
elicit effective changes in neural activity (Nitsche & Paulus, 2000).  
The different orientations of the dendritic field of a neuron with respect to the 
electric field are thought to affect the degree of modulation achieved by the electrical 
current within the cortex. The degree of cell polarization, as measured by the change in 
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size of fEPSPs, appears to be partly dependent on dendritic morphology and orientation 
(Bikson et al., 2004).  Interestingly, the direction of applied electrical currents is likely to 
target different cellular compartments. During tDCS, both radial and tangential electrical 
fields relative to the somatodendritic axis are generated and are responsible for 
polarization of distinct cellular compartments. Radial current flow has been shown to 
target somatic depolarization, while axonal terminals are targeted by tangential current 
flow (Rahman et al., 2013). 
Further, nonpyramidal neurons, which generally have a more radiate dendritic 
field, have been shown to exhibit lower thresholds for modulation compared to pyramidal 
neurons which have a prominent dendritic axis orthogonal to the cortical surface (Bikson 
et al., 2004). This finding suggests that neuronal thresholds can differ among different 
types of neurons and influence the final effects of weak polarizing currents. 
Technical Application of tDCS 
Technical variables, such as electrode size and placement, also contribute to the 
efficacy of tDCS applications. Most tDCS research in humans has used the primary 
motor cortex (M1) as the placement location for the stimulating electrode, while the 
reference electrode is placed above the contralateral orbital ridge (Nitsche & Paulus, 
2000).   However, neuromodulatory effects of tDCS have also been shown in other 
cortical regions, including prefrontal, somatosensory, and visual regions (Antal et al., 
2003; Fregni et al., 2005; Matsunaga et al., 2004; Kincses et al., 2004).  Despite the 
versatile applicability of tDCS, the induced effects can still be variable depending on the 
stimulating paradigm used. One study showed that reducing the size of the stimulating 
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electrode produced more focal applied currents to the target cortical regions and reduced 
the spatial diffusion of tDCS effects (Nitsche et al., 2007).  Ensuring that the reference 
electrode is functionally inert by increasing its size or modifying its location, can increase 
selectivity of the stimulating electrode (Nitsche et al., 2007).   
Physiological Effects of tDCS 
TDCS may have hemodynamic effects that underlie the mechanisms by which 
cortical excitability modulation is induced. In one study, significant increases in 
oxyhemoglobin were recorded using functional near-infrared spectroscopy (fNIRS), a 
method for measuring regional blood oxygenation, following anodal stimulation of the 
prefrontal cortex (Merzagora et al., 2010). In rats, tDCS altered cerebral blood flow 
(CBF) in a polarity-specific manner: anodal stimulation increased CBF, while cathodal 
stimulation decreased it (Wachter et al., 2011).  Based on the large hemodynamic 
response initiated by CSD, it may be that a vascular interaction of TDCS with the 
vascular effects of CSD is possible.  
In addition, magnetic resonance spectroscopy studies suggest that transcranial 
direct currents produce changes in neurotransmitter concentrations (Stagg et al., 2009; 
Clark et al., 2011), some of which are implicated in CSD. Specifically, anodal TDCS 
locally reduces GABA concentrations, while cathodal TDCS reduces glutamatergic 
activity as well as GABA concentrations (Stagg et al., 2009).  Measurements of 
glutamatergic activity in the right parietal lobe following a 30-minute period of anodal 
stimulation have demonstrated elevated glutamate levels within the stimulated 
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hemisphere (Clark et al., 2011).  Overall, these findings suggest that the effects of tDCS 
may in part be driven by alterations in glutamatergic and GABAergic activity. 
Pharmacological research has also demonstrated a role of the neurotransmitters 
dopamine, acetylcholine, and serotonin in tDCS-induced cortical modulation. The after-
effects of both anodal and cathodal stimulation were both reduced using D2-receptor 
blockers (Nitsche et al., 2006). Additionally, a potential role of acetylcholine in 
modulation of cortical excitability was demonstrated through the administration of 
cholinergic drug rivisgmine, which caused a reduction in anodal tDCS-effects but a 
prolongation of cathodal-tDCS effects (Kuo et al., 2007). SSRI’s, which elevated 
serotonin levels, appeared to increase the duration and strength of effects following 
anodal stimulation and lead to cortical facilitation after cathodal stimulation (Nitsche et 
al., 2009). 
TDCS Effects on Neurological Disorders 
TDCS has had positive outcomes in the treatment of neurological and psychiatric 
disorders. It has shown to support stroke recovery, a neurological condition in which 
CSD-like events contribute to poor outcomes.  Subacute stroke patients that received 
either cathodal or anodal tDCS over the motor cortex hand area showed enhanced motor 
recovery with increases in cortical excitability seen in the affected hemisphere, regardless 
of stimulation polarity (Khedr et al., 2013). Similar effects of improved motor function 
have also been seen in patients with chronic stroke (Hummel et al., 2005), suggesting that 
tDCS can effectively promote motor function rehabilitation. Further, stroke patients 
displayed cognitive function improvements following tDCS treatment. Stroke patients 
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with aphasia that received anodal tDCS stimulation of the left frontal cortex exhibited 
higher naming accuracy of treated items during a computerized naming test than patients 
that received sham stimulation (Baker et al., 2010). 
After induction of an ischemic stroke in rats, cathodal stimulation decreased 
cortical glutamate levels (Peruzzotti-Jametti et al., 2013). This finding was correlated 
with a reduction in lesion volume and improved clinical recovery, as compared to rats 
that received anodal or sham stimulation.  As mentioned, increased glutamate levels and 
subsequent NMDA receptor activity is implicated in CSD initiation and propagation 
(Marrannes et al., 1988), thus the findings of Peruzzoti-Jametti et al., 2013 suggest that 
cathodal tDCS may be an effective approach for suppression of CSD mechanisms. In the 
context of traumatic brain injury (TBI) patients, a condition also associated with CSD-
like events, the use of cathodal stimulation to counter the glutamatergic hyperexcitability 
that follows TBI has been proposed (Demirtas-Tatlidede et al., 2012). 
In fact, TDCS has been shown to directly affect CSD propagation. Liebetanz et 
al., 2006 demonstrated that application of tDCS during KCl-induced CSD resulted in 
increased wave propagation velocity following anodal tDCS, while cathodal stimulation 
had no effect.  Similar effects on propagation speed were observed after application of a 
combination of anodal tDCS and repetitive electrical stimulation (ES) (Fregni et al., 
2007).  In other work, ischemic rats that received cathodal tDCS, resulted in having 
reduction of in infarct volume and number of CSD-like depolarizations, suggesting that 
cathodal stimulation may have neuroprotective effects during cerebral infarction and 
CSD (Notturno et al., 2014).  
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Specific Aims and Hypothesis 
As previously described, cathodal tDCS is a non-invasive method used to reduce 
cortical excitability through eliciting changes in membrane potential.  Accordingly, it has 
been used to treat a variety of neurological disorders characterized by excess cerebral 
excitability such as migraine, acute brain injury, or stroke. A phenomenon common to 
these neurological disorders is cortical spreading depression, a propagating wave of 
hyperexcitability that induces a lasting depression neural activity. Based on the 
physiological mechanisms that underlie the effects of both tDCS and cortical spreading 
depression, it is possible that application of cathodal stimulation may prevent CSD. 
Accordingly, the hypothesis of this study was that cathodal tDCS prevents, attenuates, or 
changes the characteristics of CSD. The aims of this study were to test (1) the impact of 
cathodal tDCS on the incidence or characteristics of spreading depression and (2) 
whether cathodal tDCS would reduce the incidence of neural excitability produced by 
spreading depression. Ultimately, the study will provide direct evidence that cathodal 
TDCS prevents cortical spreading depression and thereby could be used as a non-invasive 
clinical treatment for CSD in patients with migraine, acute brain injury or stroke.  
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METHODS  
Experiments were performed on Sprague-Dawley male rats, with weights above 
350g. All rats were housed in proper laboratory conditions, with food and water, and all 
procedures were conducted in accordance with the regulations of the Laboratory Animal 
Science Center at Boston University School of Medicine.  
Animals were randomized into two groups:  cathodal and sham tDCS. Animals 
were initially anesthetized using Chloral hydrate (160 mg/kg), and pentobarbital (50 
mg/kg), and glycopyrrolate (4mg/ml) was used to reduce bronchial ailimentary 
secretions. Withdrawal reflexes were checked regularly throughout the course of the 
experiment, and supplement pentobarbital was administered to maintain a deep level of 
anesthesia.  The thorax and the dorsum of the head were shaved and the rat was then 
placed in a stereotaxic apparatus. The animal’s body temperature was monitored and 
maintained between 36.5-38.0 C with a feedback-controlled thermal blanket. A midline 
incision was made on the dorsum of the head and the parietal, frontal, and occipital bones 
were visualized.  
Four holes, each 1 mm in diameter, were drilled. One hole was to administer 
potassium chloride (KCl) and thus induce a spreading depression.  This hole was drilled 
in the frontal bone. A hole for the recording electrode was drilled on the same side 
approximately 10mm caudally such that a transcranial electrode could be placed on the 
bone between the holes. Two ground screw electrodes were mounted in holes drilled in 
the contralateral hemisphere, one above the coronal suture and one on the parietal bone. 
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Drill site coordinates were determined using standardized measurements based on the 
location of bregma and lambda (Table 1).  
To record a CSD event, a Plexon 24-channel U-probe was slowly lowered in its 
respective location on the parietal lobe into the cortex. For the administration of KCl, a 
50 uL Hamilton syringe, filled with 3M KCL solution, was positioned over the KCl 
opening. A 30-minute rest period followed the insertion of the recording to allow for 
recovery of stable cortical activity.  
Table 1. Standardized measurements of drill site coordinates relative to location of 
Bregma and Lambda.  
Site AP ML 
RE(L) Lamda+0.5 Lamda-2.6 
RE(R) Lamda+0.5 Lamda+2.6 
KCl(L) Bregma+2.5 Bregma-2.6 
KCL(R) Bregma+2.5 Bregma+2.6 
TDCS(L1) Bregma-0.5 Bregma-5.1 
TDCS(L2) Bregma-5.5 Bregma-5.1 
TDCS(R1) Bregma-0.5 Bregma+5.1 
TDCS(R2) Bregma-5.5 Bregma+5.1 
** AP = anterior-posterior plane; ML= medial-lateral plane 
An ActivaDose II Iontophoresis Delivery Unit (ActiveTek Inc., Salt Lake City, 
Utah) was used to administer cathodal tDCS at a current strength of 0.3 mA. An electrode 
pad (0.75 cm2) was placed between the KCl-administration hole and the recording 
electrode, while the return electrode pad (1.5 cm2) was placed in the axilla area on the 
contralateral side to the stimulated hemisphere. The recording electrode was connected to 
a preamplifier attached to a stereotaxic arm with a preci-dip pin connector and an 
 23 
amplifier (Neurotrack Systems). The signals were digitized and saved to a computer by a 
custom written program (LabVIEW, 7.1 National Instruments). 
 
Figure 1. Schematic of a sagittal view of the rat brain illustrating the location of KCl 
insertion, cathode stimulating electrode, and recording electrode placement within the 
cortex. (A) Cathodal stimulation is delivered between the sites of KCl application and the 
recording electrode. The anode is placed on the contralateral ventral thorax. (B) Representation of 
the recording electrode and its contacts relative to the depth of the cortex. Example of 23-channel 
EEG data is shown.  
For each experiment a baseline was recorded for 5 minutes. For active cathodal 
tDCS experiments, a 30 second baseline preceded the onset of tDCS, which was applied 
for a total of 5.5 minutes at a current intensity of 0.3 mA. One minute after the tDCS, a 
drop of KCl solution was released from a Hamilton syringe. Given the velocity of the 
CSD wave, the wave should be detected during the tDCS period.  During the sham 
condition, cathodal stimulation was ramped up and immediately ramped down at the 
designated start and finish times of tDCS stimulation but direct current stimulation was 
not applied. A variable number of recording blocks, each five minutes in duration, were 
recorded after the stimulation experiment.   
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Following the experiment, the animals were perfused with 500 ml of 10% 
Formalin in phosphate buffer (pH=7.4). The brain was then removed and preserved in 
10% Formalin solution, 10% glycerol, and then 20% glycerol.  
Data Analysis 
Data analysis and visualization was performed using MATLAB (MATLAB and 
Statistics Toolbox R2015a, The MathWorks, Inc., Natick, Massachusetts, United States). 
EEG data was subjected to Fast Fourier transform analysis, normalization and then 
visualized through a series of spectrograms. The primary outcome in this study was the 
effect of cathodal tDCS on cortical spreading depression, which was defined by the 
differences in the number of CSD observations between cathodal and sham stimulation 
conditions. Out of the 40 animals used, 9 (3 tDCS, 6 Sham) were excluded from 
statistical analysis due to observation of delayed CSD events (occurring during the post-
tDCS baseline recording). Although this finding could suggest that stimulation delayed 
the wave, these delayed waves occurred in both sham and stimulation groups and it is 
more likely that in a subset of cases, the KCl reached the cortex with a delay; it may have 
been prevented from doing so due to surface tension effects at the burr hole.  
 A chi-square of independence was used to detect whether there was an overall 
significant effect of cathodal tDCS on the observation of a CSD. Chi-square analysis was 
also used to detect whether there was a significant difference in the number of animals 
that exhibited neuronal silencing during the expected CSD time frame between both 
groups. Silencing was evaluated based on a multi-taper spectrographic analysis. This 
analysis was run after decimation of the EEG signal to 500Hz.  Seven tapers were used 
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with a time x bandwidth product of 5 cycles, a moving window of 2s seconds and a 
window overlap of 1 second.  This analysis included both animals who experienced a 
CSD and those that did not, but excluded the delayed-CSD cases. Consecutively, a Mann-
Whitney-U test and Student’s t-test were used for comparison of wave characteristics 
between the sham and cathodal tDCS groups. Statistical significance is defined by p 
value <0.05. 
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RESULTS 
In both the sham and cathodal tDCS groups, there were experiments in which the 
CSD was observed and experiments in which it was not observed. Achi-square analysis 
showed a significant difference in the number of observed CSD events between the 
cathodal tDCS and sham tDCS group, indicating that significantly fewer CSD events 
were observed in the cathodal tDCS group than in the sham group (X^2=3.85; p<0.05) 
(Table 2).  
Table 2. Chi-Square Analysis of Observed CSDs between Stimulating Conditions 
Group Sham Cathodal tDCS P Value 
Number with CSD 9 4  
Number without CSD 6 12  
Total  15 16 <0.05 
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Figure 2. Cortical spreading depression during a sham Experiment. (A) Diagram of sham experiment 
timeline (black), illustrating tDCS ramp up/ramp down time points (no active stimulation), time of KCl 
administration, and expected time of CSD appearance. (B) 23-recording channel EEG of sham experiment, 
in which artifacts of tDCS on/off time points, start of neuronal silencing, and CSD are displayed.  
Recordings from all electrodes are overlaid. (C) Three-dimensional analysis of CSD during sham 
experiment showing time on the abscissa (same time scale as in B), electrode position on the ordinate, and 
voltage values are illustrated in a colorimetric scale with negative being blue and positive being red; CSD is 
depicted occurring within the superficial recording channels.  
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Figure 3. Diagrams displaying timeline of cathodal tDCS experiment. (A) Cathodal tDCS experiment 
timeline (black), illustrating tDCS ramp up/ramp down time points (active stimulation), time of KCl 
administration, and expected time of CSD appearance. (B) 23-recording channel EEG during cathodal 
tDCS experiment, which displays artifacts of tDCS on/off time points and start of neuronal silencing, 
however no CSD event was observed during active stimulation. (C) 3D analysis of active cathodal 
stimulation, displaying no CSD event. Scaling conventions as in previous figure. 
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Figure 4. Spectrograms comparing the observance of CSD during the sham condition versus no CSD 
observance during active cathodal stimulation. (A) No CSD event was observed during cathodal tDCS, 
however neuronal silencing at expected time of CSD is present. (B) CSD event was observed during sham 
experiment at the expected time with concurrent presence of neuronal silencing. Scale bar indicates 50 
seconds.  The CSD event waveform appears as a peak (red) in the power spectrum and illustrated by the 
asterisk.  This occurs in the sham, but not the stimulated example.    
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The waves that were present in both groups were compared to determine whether 
the cathodal CSD changed the waves that were recorded. Propagation velocity was 
calculated as the time that elapsed between the application of KCl to the time of the 
observed CSD event at the recording electrode – both time points were clearly identified 
as artifacts on spectrogram analysis. The average propagation velocity within the 
cathodal tDCS group was 3.33 mm/min (SD = 0.72), while the sham tDCS group was 
slower with an average velocity of 2.75 mm/min (SD = 0.28) (Fig. 5). A Student’s t-test 
showed that the comparison of CSD velocity between the sham and tDCS condition was 
approaching significance (P=0.054), however further investigation would be required to 
determine any concrete significant differences. 
The effects of cathodal tDCS on CSD amplitude were also evaluated. Peak-to-
peak amplitude was determined by subtracting the minimum amplitude from the 
maximum amplitude exhibited by the recording channel where the CSD originated. The 
CSD-initiating channel was specifically chosen for amplitude analysis, in contrast to 
taking the maximum and minimum amplitude within all the channels, as a method of 
standardization. The average peak-to-peak amplitude within the cathodal tDCS group 
was 4.45 mV (SD = 1.8), while 3.34mV (SD = 1.0) was the average amplitude observed 
within the sham condition (Fig. 5) Statistical comparison of average peak-to-peak 
amplitudes of the tDCS and sham condition revealed no significant difference (p= 0.18).  
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Table 3. CSD Wave Parameters 
Group Sham tDCS Cathodal tDCS P Value 
Propagation Velocity - 
mm/min (SD) 
2.753 (0.28) 3.33 (0.72) 0.054 
Number of Affected 
Channels 
11(3.92) 10(3.16) 0.7 
Amplitude of wave on 
initial channel 
3.34mV (1.0) 4.4525mV (1.8) 0.18 
 
Further, CSD waveforms were also quantitatively compared between the sham 
tDCS and cathodal tDCS conditions.   Waveform was determined based on the direction 
of spread within the cortical layers, and by this CSD wave was categorized into 3 
waveform classes: (1) spreading deep to superficial, (2) spreading superficial to deep, (3) 
splitting and spreading both superficial and deep (C-shaped). Within the cathodal tDCS 
condition, all observed CSD waves fell under waveform class 3. Within the sham 
condition, 44% of CSD waves (n=4) were waveform class 2, while 55% (n =5) of the 
observed CSD’s were class 3. No significant differences in CSD waveform were revealed 
between the sham and cathodal stimulation conditions (p=0.195).  
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A 
 
 
 
B 
 
Figure 5. CSD Wave Characteristics compared between the cathodal tDCS and sham tDCS 
condition. (A) Mean peak-to-peak CSD amplitude of cathodal tDCS condition (4.45 mV; SD=1.8)) 
compared to sham condition (3.34mV; SD=1.0); P>0.05. (B) Mean propagation velocity of cathodal tDCS 
(3.33 mm/min; SD=0.72) compared to sham condition (2.75 mm/min; SD=0.28); P>0.05. 
0
1
2
3
4
5
6
7
Cathodal tDCS Sham tDCS
M
ea
n
 C
S
D
 P
ea
k
-t
o
-P
ea
k
 A
m
p
li
tu
d
e 
(m
V
)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
Cathodal tDCS Sham tDCS
M
e
a
n
 C
S
D
  P
ro
p
a
g
a
ti
o
n
 V
e
lo
ci
ty
 
(m
m
/
m
in
)
 33 
Finally, the presence of neuronal silencing, seen as a reduction in EEG signal, 
during the expected time of CSD appearance was evaluated in both stimulation 
conditions. Within the sham condition, all animals (n=9) that exhibited a CSD waveform 
showed an accompanying neuronal silencing period. However, sham animals that did not 
exhibit a CSD waveform did not show neuronal silencing.  Within the cathodal tDCS 
group, all cases (n=4) that experienced a CSD were also accompanied by neuronal 
silencing, whereas only 42% of the animals that did not show a waveform during tDCS 
exhibited concomitant silencing. However, chi-square analysis revealed no significant 
differences in presence of neuronal silencing between the no-CSD observed sham and 
tDCS condition (X^2=3.46; p=0.063).  
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DISCUSSION 
This study tested the hypothesis that cathodal tDCS could directly prevent or 
attenuate, cortical spreading depression. Cathodal tDCS is used to reduce cortical 
excitability (Nitsche & Paulus, 2000), thus we hypothesized that it would be able to 
counteract the cortical hyperexcitability that is characteristic of CSD. CSD was produced 
during the administration of sham or cathodal TDCS and evaluated for the number of 
CSDs observed. The study was further extended to investigate whether there were any 
differences in propagation velocity, amplitude, or waveform between the two stimulation 
conditions. The presence of neuronal silencing during the expected time of CSD 
appearance, in both experiments with or without the appearance of CSD, was also 
observed. 
Main Findings 
The main finding of this study was that the animals that received cathodal tDCS 
experienced significantly fewer CSDs during the stimulation period. The CSD waves that 
did occur during tDCS were compared to those obtained in sham experiments, and no 
significant differences were found in the propagation velocity, amplitude, or waveform of 
CSD, nor in the presence of neuronal silencing.  
Reduction in CSD incidence with Cathodal tDCS 
The outcome that the cathodal tDCS group exhibited a lower proportion of CSDs 
during stimulation supported our hypothesis. This finding correlates with past work that 
has shown transcranial cathodal stimulation to effectively reduce the number of spreading 
depolarizations during the acute phase of stroke (Notturno et al., 2014). Cathodal tDCS 
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has been shown to decrease cortical glutamate levels, which in turn reduces NMDA 
receptor activity (Peruzzotti-Jametti et al., 2013; Stagg et al., 2009). Glutamate and 
concomitant NMDA receptor activation have been associated with a role in initiation and 
propagation of CSD (Marrannes et al., 1988). Thus, one possible explanation for the 
method of action of tDCS may be that cathodal stimulation targets glutamatergic activity, 
at least partly, and consequently inhibits CSD initiation.  
 Although the present results lend support for possible neuroprotective effects of 
cathodal stimulation in neurological conditions associated with CSD cortical 
hyperexcitability, the exact mechanisms through which cathodal tDCS interacts with 
CSD remain to be determined. Further, the present study, although it provides significant 
results, the overall sample size (n) per group was small, therefore further investigation 
with increased sample size would be beneficial in order draw any concrete conclusions 
regarding the CSD-blocking effects of cathodal stimulation. Nevertheless, this study 
provides the groundwork for future studies seeking to further the understanding of the 
mechanisms of tDCS in altering cortical excitability and identifying its target in the 
cascade of physiological events present during CSD.  
Cathodal tDCS showed No Effect on CSD Wave Characteristics 
A small number of CSD waves were detected during cathodal stimulation.  We 
compared the characteristics of these waves to CSD waves in the sham group to 
determine whether cathodal tDCS altered the velocity, amplitude, or location of these 
waves.  There is evidence that anodal, but not cathodal TDCS after effects influence the 
speed of CSD waves (Liebetanz et al., 2006), and it may be the case that even though the 
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stimulation did not prevent these waves, it may have reduced the magnitude or velocity. 
However, analysis did not reveal any significant induced changes in the propagation 
velocity, amplitude, or depth of initiation of CSD waves that were observed during 
cathodal stimulation.    
CSD waveforms were further examined in terms of their spatiotemporal profile.  
This is the first study to use spaced linear multielectrodes to record from all cortical 
layers at once, and as a result, the shape of the wave form over time could be evaluated.  
Observed CSDs were classified into different qualitative classes based on their direction 
of spread within the cortical layers. Although we did not observe significant differences 
in waveforms between the cathodal and sham groups, it is worthy of noting that 
waveform of CSDs is variable. Further, all observed CSDs during cathodal tDCS were C-
shaped, spreading both superficial and deep from the initiating channel. It is largely 
acknowledged that it is the superficial layers of the cortex that are most important for 
CSD propagation (Leao, 1944; Richter & Lehmenkuhler, 1993). However, our 
observations illustrated that in addition to the superficial layers, CSD initiation and 
propagation can occur within the middle and deeper layers of the cortex as well. 
Additionally, the spread of the wave within the cortical layers is not one-directional. 
Future work should revisit the spreading patterns of CSD to further the understanding of 
the propagation mechanisms of CSD and whether direction of spread or where the wave 
initiates correlates with the outcomes or magnitude of a CSD event. 
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Neuronal Silencing Follows CSD 
Previous work has demonstrated that neuronal silencing follows a CSD event, 
with suppression of cortical activity lasting up to an hour (Sawant-Pokam et al., 2016). 
The results of the present study are consistent with these findings – all observed CSDs, 
regardless of stimulation condition, were associated with neuronal silencing. Sham 
experiments that did not exhibit a CSD showed no neuronal silencing. Some animals that 
did not show a waveform during tDCS exhibited neuronal silencing. It is thus possible 
that even though the CSD waveform was blocked, the neural effects of the event may not 
have been; propagation of this silencing may arise from neural network effects or through 
gap junction networks. 
Study Limitations 
A potential source of error may be related to the use of anesthetics. Anesthetics 
have been shown to have a dose-related effect on the incidence of CSD, affecting both 
propagation and duration of the wave (Kitahara et al., 2001). However, the anesthetic 
agent used for this study’s experiments was pentobarbital, which was determined to have 
the least effects on CSD (Kitahara et al., 2001). Pentobarbital was administered as needed 
in 0.1ml increments throughout the experiment to maintain a deep level of anesthesia for 
suppression of a pain response. We observed that some rats required more anesthetic than 
others depending on the weight of the animal or just variability in the animal’s 
metabolism of the anesthetic. There is a chance that pentobarbital may have interfered 
with the occurrence of a CSD event in the animals that received a higher anesthetic 
dosage. Additionally, higher doses of anesthetic may have decreased cortical excitability 
 38 
excessively, reducing the ability of cathodal tDCS to exert any further reduction in 
cortical activity. This could have interfered with our observations of propagation 
velocity. A more careful evaluation of spectral characteristics of the EEG would 
determine gross inter-individual differences in anesthetic depth, and should be done in 
the future.  In addition, this research should be extended to the awake behaving animal to 
confirm the utility of using TDCS to prevent CSD. 
Applicability to Human Research  
Although the results of this study may be relevant to understanding the effects of 
cathodal tDCS on cortical spreading depression, the use of an animal model limits the 
transferability and applicability of results to human studies. The tDCS stimulating 
paradigm used in rats differs to the one used on humans in terms of current intensity and 
duration. Additionally, in rats the applied tDCS is epicranial, while in humans it is 
transdermal (Bikson et al., 2016). While these differences are based on controlling 
experimental factors (e.g., movement artifact), these differences in stimulation method 
add a challenge to the understanding of the mechanism of tDCS and the efficacy of its 
use in different experimental models.  
Conclusion  
The primary findings of this study contribute to the ongoing investigation of the 
mechanisms of cortical spreading depression and tDCS. Our results demonstrated that the 
incidence of CSD is reduced during cathodal stimulation, thus supporting the use of 
cathodal tDCS as an effective method of reducing cortical excitability. Further, these 
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findings support the use of tDCS as a non-invasive treatment for CSD-implicated 
pathology such as stroke, migraine, or acute brain injury.  
Although this study is primarily concerned with the effects of cathodal tDCS 
during the stimulation period, there is a vast amount of research suggesting promise for 
repetitive use of tDCS and its prolonged after-effects. While the effects of tDCS during 
active stimulation are primarily attributed to changes in the membrane potential, the 
after-effects are correlated with modulation of synaptic connections and plasticity 
(Nitsche et al., 2004). Fritsch et al., 2010 demonstrated that combining anodal tDCS and 
low-frequency stimulation (LFS) resulted in elevated brain-derived neurotrophic factor 
(BDNF) secretion that correlated with an increase in TrkB activity, a BDNF-receptor, and 
potentiation of fEPSPs. Notably, the presence of BDNF has been associated with multiple 
roles in the regulation of synaptic plasticity (Bramham & Messaoudi, 2005) and its 
secretion relies on NMDA-receptor activity and calcium. In other work, Fregni et al., 
2005 demonstrated positive effects on working memory performance after anodal 
stimulation of the left dorsolateral prefrontal cortex. Similarly, anodal stimulation of the 
primary motor cortex and visual cortices enhanced motor learning (Nitsche et al., 2003, 
Antal et al., 2004). Although, the short-term mechanisms by which tDCS interacts with 
CSD may differ from the research findings previously described, this work leads us to 
infer the possibility of prolonged tDCS effects on CSD.  
Nevertheless, the results of this study identify the need for future investigation of 
the effects of cathodal tDCS on the properties of the CSD wave, such as amplitude, 
propagation velocity, and propagation spreading pattern, to reveal definite implications 
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on how cathodal stimulation blocks or attenuates CSD.  Investigation could be further 
expanded to explore the outcomes of repetitive and prolonged cathodal stimulation on 
cortical spreading depression in the pathological brain.   
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